men. Early in the 20th century, 'monkey gland' testicular grafts were in vogue for male rejuvenation [7] . It is only during the last half century that estrogens for women gained favor, spurred in part by Robert Wilson's Feminine Forever, published in 1966 [8] , touting ovarian hormones as a means to "prolonged well-being and extended youth". Despite temporary setbacks, estrogen prescriptions in the USA and other countries soared over the following 35 years, with a sustained decline only after the principal findings from the Women's Health Initiative were first reported in 2002 [9] . Although Wilson mentions loss of memory in his paternalistic paean to estrogen and femininity [8] , the cognitive effects of estrogen therapy had been studied even earlier [10] . Current interests in the role of estrogen in cognition and other aspects of human brain aging stem largely from preliminary research in the late 1980s and early 1990s related to estrogen and Alzheimer's disease treatment [11] [12] [13] and risk [14] [15] [16] .
The brain is a target of gonadal hormones, with receptors for estrogen, progesterone and testosterone. Menopause-associated hormonal effects on aging brain function are potentially relevant to various neurological and psychiatric disorders. Particularly important concerns include cognitive decline associated with normal aging and more severe loss of cognitive ability attributed to pathological alterations of Alzheimer's disease. The extent to which menopausal loss of ovarian hormones influences these cognitive outcomes It is convenient to consider midlife as the period of a woman's life that begins with the menopausal transition and extends through menopause to the age of 65 years, an arbitrary chronological milestone regarded as the threshold of older adult life. Menopause itself is a normal physiological process reflecting age-associated depletion of the primordial ovarian follicles. As a consequence, the ovary can no longer produce estrogens and progesterone. Natural menopause occurs at a median age of approximately 51 years [1] . It is dated according to the final menstrual period, which, in turn, is defined by 12 months of amenorrhea [2] . The mean serum concentration of 17b-estradiol, the primary ovarian estrogen, begins to decline approximately 2 years before the final menstrual period and reaches a permanent nadir approximately 2 years after the final menstrual period [3] . This transition is characterized by menstrual cycle irregularity and hormonal instability [4, 5] . Levels of testosterone, the principal androgen, decline gradually during a woman's reproductive years but are largely unchanged by natural menopause [6] . Androgen precursors are produced by the ovarian stroma. For this reason, endocrine effects of surgical menopause differ from those of natural menopause. In addition to the precipitous nature of the hormonal loss, bilateral oophorectomy also leads to reductions in testosterone concentrations [6] .
An interest in the relation between gonadal aging and brain aging is far from new. Perhaps not surprisingly, initial concerns were for older Review Gonadal hormones and cognitive aging: a midlife perspective Victor W Henderson † Gonadal steroids affect a variety of brain processes. Cognitive consequences of hormonal changes associated with menopause are of scientific interest and of relevance to public health. Natural menopause is a normal physiological process that can only be directly studied through observational research. Similarly, surgical menopause in humans is rarely directly amenable to experimental research. Causality with respect to cognitive outcomes is, therefore, difficult to infer. Cross-sectional and longitudinal findings from the Melbourne Women's Midlife Health Project, the Study of Women's Health Across the Nation and other midlife cohorts suggest that cognitive consequences of the natural menopausal transition are probably small, at least during midlife and at least for episodic memory, which is a key cognitive domain. The data for episodic memory are the most robust. Midlife episodic memory performance is similar both shortly before and after natural menopause, and serum estradiol concentration in midlife is not associated with episodic memory performance. Effects of natural menopause on other cognitive domains, cognitive consequences of surgical menopause and late-life cognitive consequences of midlife hormonal exposures are less well understood and merit continued study.
remains an area of controversy. The following sections examine cognitive aging from a midlife perspective, considering cognitive changes associated with natural menopause, the relation between serum hormones and midlife cognition and the relation between estrogen-containing hormone therapy and midlife cognition. The focus is on a form of memory (episodic memory) vulnerable to cognitive aging, as studied in cohorts of midlife women. Findings from the Melbourne Women's Midlife Health Project, where some of our own work has taken place, are highlighted first and then discussed in relation to results from other cohorts and from pertinent clinical trials.
Cognitive aging: the central role of episodic memory
Cognition refers to the mental processes by which knowledge is acquired, stored and used. These include skills concerned with attention and concentration, learning and memory, language, complex perceptual and motor skills, judgment, planning and reasoning. Of these domains, a particular type of memory, episodic memory (also referred to as declarative memory [17] ), is the most relevant to both cognitive aging and dementia. Episodic memory refers to the ability to learn new information and then to recall this information in a conscious manner after a period of time. Episodic memory is tested, for example, by a person's ability to learn and recall details from a narrative story or recall items from a list of words. Verbal episodic memory refers to episodic memory for material that can be encoded through words or retrieved through verbal strategies; it is a domain in which women tend to outperform men [18] . Episodic memory depends on the integrity of medial temporal lobe structures that include the hippocampus, subiculum, entorhinal cortex and parahippocampal gyrus [17] .
Cognitive aging often entails a noticeable decline in episodic memory [19] . More pronounced episodic memory impairment is also an early symptom of Alzheimer's disease [20] , the most common cause of dementia [21] . In old age, an episodic memory deficit beyond that expected on the basis of usual cognitive aging is associated with a high likelihood of clinically apparent Alzheimer's disease over an ensuing period of several years [22] . In this setting, the initial episodic memory deficit could simply represent an early manifestation of underlying Alzheimer's pathology. Alternatively, poor performance on episodic memory tasks could reflect increased Alzheimer's vulnerability related to low cognitive reserve (e.g., below average innate ability or limited educational opportunities [23] ) or related to factors such as depression, prior concussive head injury or ischemic vascular disease. Any of these might modify the clinical expression of Alzheimer pathology and hence reduce the threshold for the emergence of Alzheimer symptoms. Pathological changes in Alzheimer's disease affect the entorhinal cortex and the CA1 region of the hippocampus early in the disease course [24] ; metabolic decline in these regions as imaged by PET precedes cognitive symptoms [25, 26] .
In the laboratory, estrogens affect the hippocampus and hippocampal function. Some effects are mediated by a and b estrogen receptors expressed in hippocampal pyramidal neurons [27] . Effects on basal forebrain cholinergic neurons, which express estrogen receptor a [28] and project to the hippocampus, also play a role [29] . Together with progesterone, estradiol acts to increase numbers of dendritic spines and sites of excitatory synapses on CA1 hippocampal pyramidal neurons [30] . Long-term potentiation is a physiological process believed to be critical in episodic memory formation. In hippocampal slice preparations, estradiol enhances longterm potentiation of these CA1 neurons [31] . By contrast, higher levels of progesterone reduce long-term potentiation amplitude [32] . Within the dentate gyrus of the hippocampus, estradiol but not progesterone appears to promote survival of new granule cell neurons [33] .
Other estrogen effects may have an impact on processes contributing to the pathology of Alzheimer's disease. Biochemical hallmarks of Alzheimer's disease include the accumulation of b-amyloid and a hyperphosphorylated form of tau protein in the brain. Estradiol reduces brain amyloid burden in some animal models [34] but not others [35] . In transgenic models of Alzheimer's disease, estrogen depletion generally increases levels of b-amyloid [36] [37] [38] [39] [40] , and in primary brain cultures estradiol reduces tau phosphorylation [41] . Mitochondrial effects that diminish brain oxidative stress would also be predicted to lower the risk of Alzheimer's disease [42] . Net effects of estrogens on the vascular endothelium and on processes involved in inflammation, atherosclerosis, thrombosis, thrombolysis and fibrinolysis could increase or decrease dementia risk (reviewed in [43] ). Some effects may differ depending on the type of estrogen or route of administration [44] [45] [46] .
Estrogens & the menopausal transition
During a woman's reproductive years, cognitive performance is reported to fluctuate during the course of the menstrual cycle. Performance differences, which tend to be small, may reflect cyclical fluctuations in the ovarian production of estradiol and progesterone. Findings are far from consistent and the implications are uncertain. In some reports, menstrual cycle phases when estradiol circulates at higher levels are positively associated with verbal episodic memory [47] , but no memory effects are observed in other studies [48, 49] . Intriguingly, hippocampal volume, as measured by MRI, is reported to be larger (and globus pallidus and putamen volume to be smaller) during the late follicular phase of the menstrual cycle compared with menstrual phase [47] . For women of reproductive age, short-term pharmacological suppression of ovarian hormone production with a gonadotropin-releasing hormone analog impairs verbal episodic memory and memory performance is restored when estrogens are reintroduced [50] .
Memory complaints are common during midlife [51, 52] , a time when ovarian production of estradiol is declining [3] . Owing to the close association between episodic memory deficits and Alzheimer's disease, these symptoms might seem troubling. However, a dire conclusion seems premature, since a clear relation between midlife memory complaints and objective performance on episodic memory tasks is not well established [53] .
It is worth noting that one can study the relation between the natural menopausal transition and memory scientifically, but one cannot study this relation experimentally [54] . Menopause is not an experimental intervention that can be randomly assigned to one group of women and withheld from another. Inferences regarding natural menopause and cognition are of necessity based on observational studies, where the strength of evidence can be less than ideal and causality is difficult to infer. These include cross-sectional and longitudinal studies of midlife women in different reproductive stages and studies examining the association between serum concentrations of gonadal hormones and cognition. Clinical trials of ovarian hormones after menopause provide an additional perspective on the cognitive consequences of menopause, but the experimental treatment model differs from menopause per se. In a similar manner, it is likely that cognitive outcomes of surgical menopause will be studied experimentally only in nonhuman animal models. It is difficult to envisage an ethical scenario wherein some healthy women are assigned to bilateral oophorectomy and others to a nonsurgical (or sham surgical) control condition. Such a consideration could arise only in highly unusual circumstances (e.g., a trial of prophylactic oophorectomy involving women with mutations in a BRCA tumor suppressor gene).
Cognition in the Melbourne Women's Midlife Health Project
The Melbourne Women's Midlife Health Project was established through random digit telephone dialing in 1991 by Dennerstein and colleagues [55] . Eligible women were born in Australia, aged 45-55 years and resided in Melbourne, Australia. Respondents who had menstruated during the three preceding months, were not using oral contraceptives or hormone therapy and had a uterus and at least one ovary were invited to participate in the longitudinal cohort. A total of 438 women (response rate of 56%) agreed.
Reproductive stage & midlife cognition
Episodic memory was first assessed during year 8 and involved 326 women (mean age: 57 years; range: 52-63 years) who had not undergone surgical menopause (Table 1 ) [56] . Testing was limited to verbal episodic memory based on three immediate recall trials and one delayed recall trial from a list of ten unrelated words. At this time, 50 cohort members were in the menopausal transition (27 early and 23 late), 151 were in the early postmenopause (within 5 years of the final menstrual period), and 49 were in the late postmenopause (at least 5 years from the final menstrual period). The reproductive stage could not be determined for 49 women using hormone therapy. Among the 250 women not using hormone therapy, there was no relation between reproductive stage and verbal episodic memory (immediate recall or delayed recall) ( Figure 1a ) [56] . Moreover, for 139 postmenopausal midlife women who had never used hormone therapy, memory scores were unrelated to the interval between test date and date of the final menstrual period. If estrogens are important for maintaining episodic memory abilities, one would have expected performance differences based on reproductive stage and a performance decline following the last menstrual period. These cross-sectional findings thus imply that menopausal loss of ovarian hormones has no substantial effect on episodic memory ability during this midlife period.
Hormone levels & midlife cognition
Serum for estradiol concentrations was obtained from Melbourne cohort participants at the time of episodic memory testing and was assayed by double-antibody radioimmunoassay. Among
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women not using hormone therapy, there were no significant associations between the two word list recall scores and the total estradiol concentration ( Figure 1b) or between test scores and the free estradiol index (an index based on the ratio of estradiol to sex hormone binding globulin) [56] . These results reinforce inferences regarding episodic memory based on analyses of reproductive stage.
A total of 3 years later, Melbourne cohort members were assessed with a comprehensive neuropsychological battery [57] . By this time, most cohort members were postmenopausal but still middle-aged. New analyses focused on the relation between hormone concentrations and cognition for the 148 women who had undergone natural menopause and were not using hormone therapy. The mean age when the full battery was first administered was 60 years, and all but six women were below the age of 65 years. Owing to the large number of neuropsychological variables, principal component analysis was undertaken to reduce the likelihood of falsepositive associations. The four identified cognitive factors represented verbal episodic memory, nonverbal episodic memory, semantic memory, and executive-visuospatial function. Blood for hormone assays was obtained on the morning of neuropsychological testing. Free (nonprotein bound) levels of estradiol and testosterone were calculated from validated algorithms based on total levels and the concentration of sex hormone binding globulin. Because we were interested in the relation between estradiol and testosterone, we also assessed the ratio of free testosterone to free estradiol.
There were significant associations or near-significant trends between some hormone measures and two of the four cognitive factors -verbal episodic memory and semantic memory. The concentration of free estradiol was unrelated to the verbal episodic memory factor [57], confirming observations 3 years earlier in this cohort [56] . This factor was composed of immediate and delayed recall scores from two list learning tasks (an unrelated word list -the same task administered during year 8 -and a list containing words related in meaning to other words in the list -the California Verbal Learning Test). Free estradiol concentrations, however, were positively associated with semantic memory (p = 0.02). This factor was derived from tests of naming (Boston Naming Test) and category fluency (number of animal names generated in 60 s). Post hoc analyses indicated that free estradiol levels were significantly associated with the naming scores (p = 0.002) but not with category fluency. The ratio of free testosterone to free estradiol showed a negative trend with verbal episodic memory (p = 0.06) and a significant negative association with semantic memory (p = 0.007) [57] . 
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In summary, serum estradiol concentrations in midlife women were not associated with episodic memory scores, but higher levels of free estradiol were related to better semantic memory (i.e., naming) skills. This finding could indicate that naming skills -unlike verbal episodic memory -are influenced by menopausal status. A higher concentration of testosterone relative to estradiol was associated with worse performance in both of these cognitive domains, raising new questions regarding gonadal steroids and cognition. An important caveat of these and similar analyses is that hormone levels at one point in time provide an imprecise estimate of long-term, cumulative hormone exposures.
Hormone therapy & midlife cognition
Effects of hormone therapy were examined for 299 Melbourne women in the late menopausal transition or postmenopause [56] . Word-list learning did not vary significantly among never users, past users or current users ( Figure 1C ). For the 76 current users of hormone therapy, exploratory analyses indicated that episodic memory was better for women who initiated treatment before the final menstrual period, than after this event. The mean difference was 2.0 words on the immediate recall trials (p = 0.03) and 0.7 words on the delayed recall trial (p = 0.1).
Effects of hormone use were also examined in relation to episodic memory performance 5 years later among the 145 women who had undergone natural menopause by the time of the final assessment [58] . Primary analyses compared never users to ever users based on the sum of all four recall trials. There was no significant difference between hormone therapy groups (mean declines of 0.8 words and 0.6 words in the two respective groups). Findings were similar when hormone therapy status was analyzed as never use, past use or current use and also when immediate and delayed recall trials were examined separately.
A decline in episodic memory is a risk factor or an early marker for the development of Alzheimer's disease [59] . Other analyses, therefore, focused on women who declined the most over the five year interval [58] . For women in the lowest 16th percentile (at least one standard deviation below the mean memory change), the average decline was 7.8 words, compared with an average improvement of 0.7 words for other women. However, the proportion of hormone therapy use Data taken from [56] .
was similar in the two groups; 17.4% of those who demonstrated the largest decline and 14.5% of other women. The odds of a large decline in episodic memory was, therefore, not significantly associated with hormone therapy use. These observational results suggest there is no substantial effect of midlife hormone therapy on episodic memory and no substantial impact on memory performance 5 years later. Small effects could have been missed by these analyses. As a further cautionary note, hormone users in general tend to be healthier than nonusers [60] and the results could be biased by residual confounding.
Reproductive stage & cognition in other midlife cohorts
The relation between menopausal status and cognition has been examined in other midlife cohorts. At cognitive baseline (study year-4, mean participant age of 50 years), most women were in the menopausal transition. Approximatley 31% were already postmenopausal and only 8% of women were still premenopausal. Women were then followed for four more years. For SWAN participants not using hormone therapy, cognitive scores did not differ by reproductive stage and test performances generally improved from one year to the next in all menopausal groups (practice effect).
Despite the absence of cognitive differences based on reproductive stage, there were subtle findings related to the rate of test score improvement, which was modeled within reproductive stages. Differences were observed when the menopausal transition was compared with premenopause [63] . During the early menopausal transition, there was a nonsignificant trend (p < 0.1) for the rate of improvement to be less on delayed recall of the East Boston Memory Test story; during the late menopausal transition, there was a similar nonsignificant trend for delayed story recall and also for the Symbol Digit Modalities Test score. Rates of change did not differ when the postmenopause was compared with premenopause, and other comparisons based on reproductive stage were neither significant, nor showed a trend towards significance [63] .
Another midlife cohort is from the Kinmen islands, a rural administrative unit of the Republic of China (Taiwan). Here, nearly 500 premenopausal women were cognitively tested at the beginning of the study and again 18 months later, by which time 23% of women had entered the menopausal transition [64] . Comparisons to women who remained premenopausal indicated no differences on two tests of episodic memory (the Rey Auditory Verbal Learning Test and a nonverbal continuous recognition task) or on other tasks (Trail Making Test, Digit Span Forward and Digit Span Backward). Category fluency (animal naming), however, improved less among women who had entered the menopausal transition (p < 0.001) ( Table 1 ).
In a nationally representative British birth cohort, all women were assessed at the identical age of 53 years [65] . Some women were still premenopausal, some were in the menopausal transition, while the majority were postmenopausal. Cross-sectional findings suggested a weak effect of the natural menopausal transition on cognitive function (Table 1 ). There were no trends across reproductive stage for verbal episodic memory (word list recall), but there was a significant trend toward slower search speed (letter cancellation task) for postmenopausal women (p for trend 0.04). Interestingly, better childhood cognitive ability was associated with a later onset of natural menopause, implying that analyses in other midlife cohorts should consider the possibility of confounding by pre-existing cognitive ability.
Finally, in the population-based Betula project in Umea, Sweden, women aged 45, 50 or 55 years old were given a neuropsychological battery that included a composite measure of verbal episodic memory, a test of nonverbal episodic future science group Women's Health (2011) 7(1) Gonadal hormones & cognitive aging -Review memory (face recognition), vocabulary (synonym selection), phonemic fluency (generating words beginning with a specified letter), and Block Design [66] . There was no effect of reproductive stage (i.e., premenopausal, menopausal transition or postmenopause) on any cognitive test score (Table 1) .
Follow-up analyses within the same Swedish cohort, however, suggested a nuanced effect of reproductive stage on some cognitive measures [67] . Women in the second report were between the ages of 40 and 65 years, who contributed data during at least one of three test sessions 5 years apart. Modeling compared linear trends before menopause (premenopause plus menopausal transition) and after menopause. For phonemic fluency and Block Design scores (but not for vocabulary and a somewhat different episodic memory composite score), practice effects between test sessions separated by 5 years were reduced after menopause compared with before menopause (Table 1 ). After menopause, there was an interaction between BMI (dichotomized as normal vs overweight or obese) and rates of change on two cognitive tests: Block Design and the episodic memory composite score. Before menopause, overweight or obese women performed worse than women of normal weight on both tasks. After menopause, the slope of the practice effect differed such that performance trajectories for overweight or obese women exceeded (improved more than or declined less than) that of women of normal weight.
Findings from these midlife cohorts thus reinforces the general conclusion that natural menopause does not have a substantial effect on episodic memory abilities measured during midlife [61, [64] [65] [66] . Some SWAN results [63] may allow the possibility of a small, nuanced effect on episodic memory manifested through changes in the practice effect during the menopausal transition (but not after menopause). Other cognitive domains are not as well studied, but some findings (e.g., practice effect changes after menopause noted in the Betula project [67]) do raise a concern of modest effects of menopause beyond those attributable to age alone (Table 1) .
Hormone levels & cognition in other midlife cohorts
Study of Women's Health Across the Nation investigators examined the cross-sectional relation between total estradiol concentrations and performance on story recall (episodic memory) and other SWAN tasks [62] . Analyses involved 1657 women (mean age: 50 years) at the time of their first cognitive assessment (the fourth annual follow-up visit). Hormone therapy users and women who were surgically menopausal were excluded. There were no significant associations between serum estradiol and performance on the SWAN cognitive tests.
Consistent with findings on episodic memory from the Melbourne Women's Midlife Health Project [56, 57] and from SWAN [62], total estradiol levels in the Betula project were not related to episodic memory scores or to scores on other tests [66] . However, the absence of an association between estradiol and vocabulary, a measure of semantic memory, differs from the positive association in the Melbourne cohort [57] . Reasons for the discrepancy are unclear, although semantic memory tasks differed in the two studies. In other Betula analyses that included elderly as well as middle-aged women, free testosterone was negatively associated with both vocabulary score and the composite score for verbal episodic memory [68] . These results are similar to adverse associations described for the Melbourne cohort, which were based on the ratio between free testosterone and free estradiol rather than on free testosterone in isolation [57] .
Hormone therapy & cognition during midlife Hormone therapy & cognition in other midlife cohorts
In the British birth cohort, investigators reported no evidence for an effect of hormone therapy on cognitive measures [65] . In SWAN, a woman's use of hormone therapy before the final menstrual period was associated with significantly better recall scores and better Symbol Digit Modalities Test scores [63] . In the smaller Melbourne cohort, hormone initiation prior to the final menstrual period was also asso ciated with better recall [56] . Current hormone therapy use in SWAN, however, was associated with reduced year-to-year practice effects on these same tasks. The SWAN findings might be interpreted in several ways. First, as indicated by the study authors, results are consistent with the critical window or timing hypothesis, which suggests a better cognitive outcome when hormone therapy is initiated and used at a younger age or in closer temporal proximity to the menopause compared with later initiation and use [29, 69, 70] . Higher initial test scores on the part of hormone users could also reflect a healthyuser bias, whereby better educated women who lead healthier lifestyles are more apt to be prescribed hormone therapy; performance differences could be related to these other Review -Henderson factors rather than hormone therapy per se [71] . A reduced practice effect might also be a test artifact, since women with higher scores have less opportunity to improve, especially on tests like the East Boston Memory Test with a low test ceiling. If the practice effect is indeed reduced among hormone users and the reduction is sustained over the long term, test scores would be expected eventually to fall below those of women not using hormones, as predicted, for example, by the critical window hypothesis.
Hormone therapy & cognition in randomized clinical trials
The link between midlife cognition and hormone therapy use is better addressed through clinical trials than through observational analyses described above [56, 63, 65] . In postmenopausal women well beyond midlife, the answer already seems clear: hormone initiation does not improve episodic memory and probably does not improve other cognitive skills in this older age group. An important source for this conclusion is the Women's Health Initiative Study of Cognitive Aging (WHISCA), an ancillary study of the Women's Health Initiative [72, 73] . For women with a uterus, conjugated estrogens combined with medroxyprogesterone acetate slightly enhanced mean nonverbal episodic memory (Benton Visual Retention Test) and slightly reduced mean verbal episodic memory (California Verbal Learning Test). For women without a uterus, conjugated estrogens had no discernible effect on episodic memory. Findings in other large trials of older postmenopausal women are congruent [54] .
For midlife women, however, clinical trial evidence on cognitive effects of hormone therapy is still sparse. Most trials conducted in this age range have been small and of short duration [54] . The largest midlife hormone therapy trial randomized 180 naturally menopausal women aged 45-55 years, where active treatment was with oral conjugated estrogens combined with medroxyprogesterone acetate [74] . After 4 months, there were no significant differences between treatment groups for tests of episodic memory (California Verbal Learning Test, paragraph recall and Benton Visual Retention Test) or for other neuropsychological test outcomes. In another trial, naturally menopausal women aged 50-65 years were assigned for 4 weeks to oral estradiol, testosterone undecanoate or placebo (~ 67 women per treatment group). There were no differences between groups for episodic memory (word list immediate recall) or other tasks [75] . These findings from relatively small clinical trials in midlife women comport with results from larger trials in older women [54] .
The possibility remains that cognitive outcomes of menopause could differ when ovarian function is induced abruptly by oophorectomy, irradiation or cancer chemotherapy [54, 76] . A younger age of surgical menopause is associated with increased risk of later cognitive impairment or dementia [77] . Although surgical menopause per se in one midlife cohort was not linked to memory decrements [65] , limited short-term clinical trial evidence suggests that estradiol may indeed improve verbal episodic memory when started immediately after bilateral oophorectomy [78, 79] . For testosterone, evidence after surgical menopause is both limited and conflicting, with one report suggesting improvement compared with placebo in verbal episodic memory (story recall) [78] and another report indicating impairment on a similar task when estradiol plus testosterone was compared with estradiol alone [80] .
More convincing evidence regarding cognitive effects of exogenous estrogens during midlife awaits completion of two large randomized clinical trials. These are Early versus Late Intervention Trial with Estradiol (ELITE) [201] and Kronos Early Estrogen Prevention Study (KEEPS) [202] . Over 600 women are enrolled in ELITE, recruited within two strata defined by menopause: women within 6 years of menopause and women 10 or more years beyond menopause. Over 700 women, all within 3 years of natural menopause, have been enrolled in KEEPS. Participants in both of these clinical t rials have undergone extensive neuropsychological testing.
Future perspective
Cognitive consequences of the natural menopausal transition are beginning to be revealed. As reviewed above, observational findings are generally heartening with respect to objective midlife outcomes. For the domain that has been studied most carefully, viz. verbal episodic memory, there is no evidence that abilities are meaningfully compromised by the natural menopausal transition. Midlife episodic memory performance is the same shortly after menopause as before [56, 62, 63, 65] and low estradiol levels in midlife are not associated with reductions in episodic memory test scores [56, 57, 62, 66] . Whether semantic memory is affected [57] or whether executive functions are compromised [81] will require additional research.
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Effects of estrogen-containing hormone therapy are still uncertain, with suggestions that hormone use prior to the final menstrual period may improve episodic memory but that hormone use after menopause may not [56, 63] . Results from the ELITE and KEEPS trials should eventually provide clear and perhaps definitive answers regarding near-term (several years) consequences of midlife hormone therapy on episodic memory and other cognitive outcomes. The answers will be of immense practical and theoretical importance. These large trials, however, do not address the narrower, yet still important, question of hormone therapy use during the short window preceding the final menstrual period.
It is more difficult to unravel long-term cognitive consequences of menopause or long-term consequences of midlife hormone therapy. Late-life initiation of hormone therapy does not improve memory [54] or reduce dementia risk [82, 83] . Observational evidence, however, which may be biased, suggests that hormone therapy used during a critical midlife window may reduce Alzheimer's disease risk years later [71] . For younger women in the Multi-Institutional Research in Alzheimer's Genetic Epidemiology (MIRAGE) case-control study -but specifically not for older women in this study -there was a significant association between hormone therapy and Alzheimer's disease risk reduction [84] . In the Cache County cohort, prior hormone therapy use -but specifically not current use -was associated with reduced incidence of Alzheimer's disease [85] .
Studies such as these provide a foundation for the critical window or timing hypothesis [69, 70, 86] . The theory is better developed with respect to the cardiovascular effects of estrogens, where clinical consequences may vary according to the health of the vascular endothelium [87] [88] [89] . Speculatively, in a roughly analogous fashion, initiation and use of hormone therapy during a temporal window close to the time of menopause might reduce the risk of late-life Alzheimer's disease, despite evidence that initiation and use in the late postmenopause increases risk. Practically speaking, the critical window hypothesis as applied to dementia risk will be difficult to address through experimental research requiring outcome assessments one to two decades later. Scheduled follow-up in ELITE and KEEPS, for example, is too short and the sample sizes are probably too small for clinical dementia outcomes. Long-term follow-up of Women's Health Initiative participants who were in their 50s at the time of clinical trial randomization may eventually provide some answers. Other opportunities for new insight will come from careful follow-up of large midlife cohorts, from research into an understanding of basic mechanisms by which gonadal hormones can affect cognition and neurological function and from clinical trials using appropriate biomarkers as surrogate outcomes. The issue remains important, because hormone therapy remains the best treatment for moderate or severe vasomotor symptoms of menopause [90, 91] and many women continue to be exposed to midlife hormone therapy [92] .
How other gonadal steroids influence midlife cognition is poorly addressed by extant data. Menopause entails the loss of ovarian progesterone as well as estradiol. Progesterone modifies some brain effects of estradiol [30, 32, 33] and it may have independent effects on cognition [93, 94] . Testosterone, too, deserves closer scrutiny after natural menopause when levels are maintained (but are increased relative to estradiol) [57, 68] and after surgical menopause, when levels fall abruptly [78, 80] . Cognitive consequences of testosterone therapy, sometimes recommended for example for female hypoactive sexual desire disorder, are largely unknown.
Menopause is also associated with changes in levels of other reproductive hormones. Concentrations of follicle stimulating hormone (FSH) and luteinizing hormone (LH), gonadotropins secreted by the anterior pituitary gland), are elevated during the menopausal transition and during the postmenopause. The relation of FSH and LH to human cognitive function has been examined in only a few studies. There was no association between FSH levels and performance by midlife women on SWAN cognitive tasks [62] . LH receptors are expressed in the hippocampus and the other brain regions [95] and it has been argued that LH elevation is linked to Alzheimer's disease pathogenesis [96] . Higher LH levels have been associated with poorer memory in older men [97] and poorer global cognition in older women [98] , but possible associations in midlife women are not yet reported.
A final perspective pertains to the promise of personalized medicine and treatment benefit or toxicity predicted on the basis of genotype. Genetic or epigenetic variability affects age at menopause [99] , cognitive aging [100] and Alzheimer's disease risk [101] . Just as the presence and severity of midlife vasomotor symptoms varies widely among women, it is almost certain that women differ greatly in their risk for cognitive aging and dementia. Similar differences
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Executive summary
Role of episodic memory • Episodic memory refers to the conscious recollection of new information at some time after the information was first encountered. • Episodic memory performance is often compromised by cognitive aging. • Larger declines in episodic memory are linked to an increased risk of Alzheimer's disease. • Episodic memory, usually assessed with verbal tasks, is tested in most studies of cognitive aging and, consequently, more is known about this cognitive domain than about other aspects of cognition. • In laboratory models, estrogens appear to act in ways that would enhance episodic memory and reduce some pathological hallmarks of Alzheimer's disease.
Estrogens & the menopausal transition
• Memory complaints are common during midlife.
• Research in cohorts of midlife women provides an insight into the cognitive consequences of menopause.
Cognition in the Melbourne Women's Midlife Health Project
• Cross-sectional findings indicate that midlife verbal episodic memory is unaffected by reproductive stage.
• Midlife episodic memory is unrelated to serum concentrations of estradiol.
• In postmenopausal midlife women, free estradiol levels are positively associated with semantic memory.
• The ratio of testosterone to estradiol shows a significant negative association with semantic memory and a negative trend with verbal episodic memory performance. • In cross-sectional and longitudinal analyses, hormone therapy use is not significantly associated with midlife episodic memory performance.
Reproductive stage & cognition in other midlife cohorts
• Reproductive stage was not significantly associated with episodic memory scores in other cohorts (Study of Women's Health Across the Nation [SWAN], Taiwan, UK and the Betula Project in Sweden); the SWAN findings suggest subtle trends in episodic memory practice effects during the menopausal transition compared with premenopause, but not during the postmenopause compared with premenopause. • Findings for cognitive domains other than episodic memory are limited.
Hormone levels & cognition in other midlife cohorts
• Estradiol levels are unrelated to episodic memory scores in other cohorts (SWAN and the Betula Project in Sweden). • In a Swedish cohort that included elderly and midlife women, testosterone levels were negatively associated with measures of semantic memory and episodic memory.
Hormone therapy & cognition during midlife
• Observational findings after natural menopause indicate no significant relation between estrogen-containing hormone therapy and episodic memory; clinical trial data are congruent but still sparse. • More definitive answers on midlife cognitive effects of hormone therapy are anticipated from large ongoing clinical trials (Early versus Late Intervention Trial with Estradiol and Kronos Early Estrogen Prevention Study).
Future perspective
• Cognitive consequences of endogenous and exogenous hormones are increasingly well understood. However, important questions remain: − Does hormone therapy used during the menopausal transition lead to cognitive outcomes that are different from those caused by midlife hormone therapy begun after the final menstrual period? − What are the cognitive consequences of surgical menopause? − Do midlife cognitive consequences of estrogen therapy after surgical menopause differ from those of hormone therapy after natural menopause? − What are the late-life consequences for cognitive aging and dementia risk of midlife hormone therapy initiation and use? − What cognitive roles are played by midlife changes in the gonadotropins or in other gonadal steroids?
presumably exist for susceptibility to cognitive risks and benefits of different hormone therapy formulations. Most goals of personalized medicine are yet to be realized [102] . Differential vulnerability, resistance and resiliency will depend on a number of factors related to health, lifestyle and genetics, many of which remain unidentified. From perspectives provided by cohorts of midlife women, evidence thus far suggests that for most women, hormonal consequences of the natural menopausal transition are not major determinants of cognitive aging. Cognitive consequences of surgical menopause and latelife cognitive consequences of endogenous and exogenous midlife hormonal exposures remain inadequately addressed.
•
First midlife cohort to report on associations between episodic memory performance and reproductive stage and estradiol levels. 
